This paper focuses on studying the correlations of the performance of hard rock tunnel boring machines (TBMs) with operational and rock conditions. Firstly, a rigid-flexible coupled multibody dynamic model of an opening hard rock TBM is established for the analysis of its vibration. Then four performance indexes including mean vibration energy dissipation rate, dynamic specific energy (DSE), disc cutter wear rate, and load sharing coefficient are introduced and formulated, respectively, for evaluating the vibration level, excavation energy efficiency, cutter's vulnerability to wear, and load transmission performance of cutterhead driving system of the TBM. Finally, numerical simulation results of the TBM tunneling performance evaluation are obtained and validated by on-site vibration measurement and tunneling data collection. It is found that operational and rock conditions exert important impact on TBM vibration level, excavation energy efficiency, and structure damage. When the type of rock to be cut changes from soft to hard with operational parameters held constant, TBM performance evaluated by these three indexes deteriorates significantly, and both the decrease of excavation energy efficiency and the increase of cutter wear rate caused by TBM vibration are obvious. This study provides the foundation for a more comprehensive evaluation of TBM performance in actual tunneling process.
Introduction
With excellent capacity to cut rock up to 300 MPa, hard rock tunnel boring machines (TBMs) have been widely used in today's tunnel excavation [1] . To explore the realistic cutter-rock interaction and its characteristics, various in situ measurements of cutter forces on TBM have been carried out. Early measurements with strain gauges boned on the cutter shaft indicated that the main energy components of cutter forces lie in the frequency range below 10 Hz [2] . Some years later, measurements considering force-coupling revealed the cutter forces of the front cutter are much larger than the respective forces of the gauge cutter [3, 4] . The tunneling quality such as the relationship between normal force and rock fracture crack length and the energy utilization in static and dynamic loadings were investigated based on these measurements results [4, 5] . Recently, the measurements with sensors placed in the cutter saddle show the cutting force varies temporally and spatially even for the same cutter in actual tunneling [6, 7] . These works are beneficial for the TBM dynamic modeling and performance evaluation. Owning to complex TBM-rock interactions, the rock cutting force loaded by disc cutter is nonlinear and irregular and oscillates violently [2, 3, 7, 8] . Under multipoint impact excitation from cutters, TBM vibrates strongly, premature failure of cutters and serious damage in cutterhead driving system occur frequently, and excavation energy efficiency declines, resulting in the increase of tunneling project expense [8, 9] . There is no doubt that these sufferings of TBM performance have a close correlation with TBM-rock interactions. For an actual tunneling project, one of the major concerns is how the TBM performance evaluated from the aspects of vibration level, excavation energy efficiency, cutter's vulnerability to wear, and load transmission performance of cutterhead driving system changes with operational and rock conditions.
On the issue of TBM vibration, the dynamic characteristics of the cutterhead driving system with a joint cutterhead panel were investigated based on a multi-degree of freedom 2 Shock and Vibration (MDOF) model [10] . Later, the vibration investigation was extended to TBM main system which was modeled using lumped parameter method [9] . Recently, this investigation was pushed forward by establishing a rigid-flexible coupled multibody dynamic model of an opening hard rock TBM [11] . In an investigation performed [11] , the bottom shieldrock mass interaction was studied in detail. Nevertheless, the vibration level of the whole TBM varying with operational and rock conditions is still needed to be systematically studied.
Specific energy (SE), defined by energy consumed in cutting a unit volume of rock, has been widely applied to the performance evaluation of the rock cutting by disc cutter. The variation of SE was predicted for TBM operation in a hard and brittle crystalline rock of moderate strength with cutting tests [12] . The SE of rock cutting was evaluated for different geological and operational parameters by numerical simulation, of which the results were comparable with those of cutting tests [13, 14] . As is indicated in [15] , energy efficiency is low in dynamic rock cutting because a large amount of energy is carried away by reflected stress wave and transmitted stress wave. In TBM tunneling process, the energy carried by the reflected wave could be a major excitation source of TBM vibration, but it is not considered in the calculation of current SE, which results in a less accurate prediction of excavation energy efficiency in the case of serious vibration of TBM. Therefore, the energy dissipated due to TBM vibration should be considered when the change of the energy efficiency with operational and rock conditions is to be investigated.
The expenditure on disc cutter is at least one-fifth of the project cost and the time spent on replacing the cutter constitutes is about one-third of the total project time, which means that cutter failure is one of the major topics in TBM tunneling [16] . As is the main cause of cutter failure, cutter wear statistically caused 78% of the total consumed cutters in some TBM tunneling projects [17] . Therefore, cutter wear has been predicted in a number of studies for improving TBM performance in the past years [18] . SE was used to predict the average wear extent of all disc cutters [16, 18] . A model of disc cutter wear rate was built [19] . Later, a modified model for the evaluation of cutter wear rate considering the influence of vibration was developed [20] . Based on this modified model, it is possible to further evaluate cutter's vulnerability to wear considering the operational and rock conditions.
The load transmission performance of multiple pinionsgear ring meshing was evaluated for TBM's cutterhead driving system by load sharing index considering meshing frequency, bearing stiffness, and mounting locations of pinions [21] . In [22] , the load transmission was investigated by load sharing coefficient considering bending-torsional coupling of pinions. Generally, the large load sharing coefficient means poor load transmission performance and serious uneven loading conditions on pinions which easily cause structure damage such as tooth fracture and broken shaft of pinions. In the published works, there is a lack of investigation of the correlation of load transmission performance with operational and rock conditions. This paper presents a study of TBM performance evaluation considering operational and rock conditions from the aspects of vibration level, energy efficiency, cutter wear, and load transmission performance of cutterhead driving system. Following a statement of the problem to be investigated, a rigid-flexible coupled multibody dynamic model of an opening hard rock TBM is established for the vibration analysis of TBM. To deal with the performance evaluation problem, four indexes, namely, mean vibration energy dissipation rate, dynamic specific energy (DSE), disc cutter wear rate, and load sharing coefficient, are then introduced and formulated, respectively. Finally, numerical simulations are performed to obtain the results of the TBM performance varying with operational and rock conditions. The obtained numerical results are further validated through comparing with those from on-site vibration measurement and collected tunneling data.
Modeling of Hard Rock TBMs

Dynamic Model of Opening Hard Rock
TBMs. An opening hard rock TBM consists essentially of a cutterhead driving system and a hydraulic thrust system, as shown in Figure 1 . In rock cutting process, the cutterhead rotates and moves ahead simultaneously, and consequently rock on tunnel face spalls continuously under cutting forces. The opening hard rock TBM is a multibody system. Taking the main components, the connection between them, and the TBM-rock interactions into consideration, a rigid-flexible coupled dynamic model of TBM is established and shown in Figure 2 .
In Figure 2 , is a global coordinate system, where is tunneling direction, is vertical direction, and is determined by right-hand rule.
( = 1, . . . , 13) are local coordinate systems which are established at the centroid of the corresponding substructures and parallel to OXYZ at initial time. The main components in Figure 2 are modeled as rigid-flexible coupled structures. M ( = 1, . . . , 13) are the corresponding mass matrix. The bending-torsional coupling of each pinion is considered, with and ( = 1, . . . , ) denoting the equivalent mass and inertial moment, respectively. The dynamic equations of TBM vibration are derived using Newton-Euler method as follows. The generalized displacement (i.e., the generalized DOFs) vectors of substructures are written as
where is the coefficient vector related to structural elastic mode matrix Φ ; T denoted the transpose of matrix or vector. The dynamic equations of TBM are derived in matrix form as
with = (. . . , , , , . . . ,
where M, K, and C are mass matrix, stiffness matrix, and damping matrix, respectively, diag denotes diagonal matrix, is natural circular frequency, is modal damping factor with the value of 0.01 used in this simulation, u 0 is static deformation vector in steady motion, is the relative vector of point on substructure, I is a third-order unit matrix, R v is a matrix formed from coordinate vector v, A is direction cosine matrix, and e is a unit vector denoting the direction of damping spring which connects substructures in system OXYZ [23] . During steady state TBM tunneling, cutterhead rotates around -axis at a constant rotational velocity and denotes the rotational angle. Other substructures have no rotation and their directional cosine matrix are third-order unit matrices. M 11 , M 22 , and M 33 are the mass matrices for translational, rotational, and elastic vibrations, respectively. M 12 , M 13 , and M 23 are the coupled mass matrices between translational, rotational, and elastic vibrations, respectively. The elastic modes, natural frequencies, and the discretized mass can be obtained by using commercial finite element code. It should be noted that the modes of each substructure are obtained under free boundary conditions; thus the first six modes are rigid body movement modes with natural frequency of 0 Hz, resulting in the fact that the first six entries in k and c are zeros. Furthermore, for a fixed point on substructure, its modes are obtained in local coordinate system of the substructure at initial attitude; thus its mode matrix Γ measured in will change with attitude of the substructure. Vector f 1 denotes inertial forces arising due to MDOF rotation. Due to very low rotation velocity of cutterhead in practice, the inertial forces are small and thus ignored in this simulation. Vector f 2 denotes exciting forces including nonlinear time-varying multiple pinionsgear ring meshing forces, cutter-rock interaction forces, and bottom shield-rock mass contact forces. Meshing forces and the values of structural parameters including equivalent stiffness and damping can be obtained by empirical formulas or finite element analysis as well as those recommended in [11] .
TBM-Rock
Interactions. TBM-rock interactions including disc cutter-rock interaction and bottom shield-rock mass nonlinear contact are mainly responsible for the vibration of TBM. These interactions correlate with a number of factors such as geotechnical parameters, cutter geometry, indentation, cutterhead rotation speed, and distribution of cutters on cutterhead [4, 8] . The asymmetric distribution of cutter easily results in large side force and further leads to strong vibration of TBM in the direction perpendicular to the axis of the tunnel [4] . Similar to earth drilling described in [24] , rock cutting by disc cutters makes TBM suffer from vibration due to regenerative effect, that is, the dependence of penetration on the history of cutter motion in cutting process. For a TBM, because of the quasihelical motion of cutter, the instantaneous cutter penetration is determined by the current position and the position of the cutter at the previous revolution of cutterhead. Disc cutter-rock interaction is illustrated in Figure 3 . Cutter forces can be calculated using the model of Colorado School of Mines (CSM) which has been successfully applied to TBM design and performance evaluation [25] . Considering the varying cutter penetration and even the loss of contact between cutter and rock when cutter penetration is not positive or cutter moves away from rock under vibration conditions, disc cutter force in dynamic rock cutting process can be expressed through modifying the formula given in [25] 
where is normal force, is rolling force, C is a constant equal to 2.12 according to [25] , is cutter tip width, is cutter radius, is uniaxial compressive strength of rock (UCS), is Brazilian indirect tensile strength of rock (BTS), is cut spacing, is angle of the contact area, is cutter penetration, (⋅) is the Heaviside function, is the position of cutter in normal direction, is time delay, and V and V are the velocity of cutter center in normal and that in rolling direction, respectively. Due to the regenerative effect in rock cutting, after integrating (4) into (2), delay differential equations are obtained. Because (2) are the differential equations about the generalized displacements measured with modal coordinates, the forces in (4) should be converted into generalized forces through left multiplying the transpose of the mode matrix Γ corresponding to the force point on cutterhead and then be added to vector f 2 .
The bottom shield-rock mass contact is considered in the dynamic modeling of the TBM. Shield slides on rock mass along tunneling direction when bottom shield-rock mass is in frictional contact, but this state transits to stick when the velocity vanishes due to vibration, and vice versa. Even in more serious vibration, bottom shield-rock mass contact separates, thus introducing discontinuities in TBM dynamic model. Rock mass serves as a support and can be modeled as a Winkler foundation, with damping springs uniformly distributed in both normal direction and tangential direction of shield circumference [26] . In tunneling direction, whether bottom shield is in friction or not should be determined by its motion state.
The equivalent normal and tangential distributed stiffness of Winkler foundation can be obtained by [26] 
where is Young's modulus of the ground, is tunnel radius, V is Poisson's ratio which is 0.3 in this study. Considering the state transition of bottom shield and the separation of bottom shield-rock mass contact, the distributed forces in bottom shield-rock mass interaction are obtained as
where , , and are the displacements of contact point in normal, tangential, and tunneling direction, respectively, 0 is the initial compression of normal spring due to TBM gravity, and is a velocity related frictional coefficient. According to [20] , is taken as = 0.15-0.30 for kinetic coefficient and = 0.25-0.45 for static coefficient. To reduce the computational difficulty due to discontinuity brought by bottom shield's stick-slip state, a smooth representation of with velocityweakening law is adopted and expressed as
where is kinetic coefficient, is static coefficient, is a smooth coefficient, and is a characteristic coefficient.
Performance Evaluation Indexes for
Hard Rock TBMs
Mean Vibration Energy Dissipation
Rate. Mean vibration energy dissipation rate is equivalent to the energy dissipated due to TBM vibration in a unit time. It is calculated by
where is the energy dissipated due to TBM vibration in a time period, C is the damping matrix in (2), F is a column vector formed by friction forces of all contact points on the bottom shield-rock mass interface, and v is the corresponding velocity column vector. Mean vibration energy dissipation rate is equivalent to a quadratic form of vibration velocity and thus is similar to the square of vibration severity. Vibration severity is the root mean square (RMS) of vibration velocity and used as a traditional assessment of vibration level. Therefore, is suitable for the evaluation of vibration level of the whole TBM.
Dynamic Specific Energy.
Specific energy (SE) is the energy consumed in cutting a unit volume of rock and has been widely used to evaluate the cutting energy efficiency of a TBM disc cutter. The calculation of the current SE using mean cutting force eliminates the consideration of influence of vibration [13, 14] . Therefore, it is less accurate for evaluating the realistic excavation energy efficiency of TBM particularly when it undergoes serious vibration. Taking both the energy consumed in rock cutting and the energy dissipated by TBM vibration into account, a new index called dynamic specific energy (DSE) is proposed and defined as
where 0 and 0 are mean normal force and mean rolling force on the th cutter, respectively, is the number of cutters, Γ is contact area between shield and rock mass, is the radius where the cutter mounted on the cutterhead, is the rotation angle of cutterhead, is the cut spacing, is cutter penetration of the th cutter, and (⋅) is the Heaviside function.
Disc Cutter Wear
Rate. Disc cutter wear is the major one among cutter failure modes, which is determined by the amount of cutter wear. To estimate cutter's vulnerability to wear, disc cutter wear rate is used. Based on CSM model shown in (4), disc cutter wear rate can be calculated by [20] 
with
where is the amount of cutter wear, is a constant of typically 0.2 to −0.2 for disc cutter, is the central angle of the arc length between a point on cutter-rock contact area and the point determining the cutter penetration as is shown in Figure 3 , is wear coefficient usually of 10 −1 to 10 −6 , is surface hardness of cutter, Ω 0 is cutterhead rotation speed, and V , V , and V are the perturbations of the steady velocity of cutter center in tunneling direction and radial and tangential direction on tunnel face, that is, the vibration velocity of cutter center, respectively [20] . When V , V , and V are equal to zero, (13) is identical to the one in [19] which has no consideration of the influence of TBM vibration.
Load Sharing Coefficient.
The rotation of cutterhead of TBM is driven by multiple pinions-gear ring meshing. Small difference between meshing forces ( = 1, . . . , ) means good load transmission performance of cutterhead driving system. The load transmission performance can be evaluated by load sharing coefficient which directly reflects the load uneven level in each pinion at a certain time [22] . The load sharing coefficient of the cutterhead driving system in one tooth frequency cycle is calculated as
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where is the load sharing coefficient of cutterhead driving system in one tooth frequency cycle, and is the load sharing coefficient of cutterhead driving system in one system period.
Results of Performance Evaluation and Discussion
Parameters in Numerical Simulation.
The opening hard rock TBM used in an actual water tunnel project was taken as the application example in the evaluation of TBM performance. Structural parameters of the dynamic model of the opening hard rock TBM in numerical simulation are presented in Table 1 . Other structural parameters in this simulation are listed in Appendix. For the main substructures mentioned in Section 2, the elastic modes are obtained by means of commercial finite element code ANSYS, resulting in a TBM dynamic model with a total of 137 generalized DOFs. Based on the rigid body modes, elastic modes, natural frequencies, mass matrices, and stiffness matrices extracted from ANSYS, entire dynamic equations (2) are constructed in MATLAB. Then the dynamic equations are solved by using MATLAB R2013a built-in function "ode45" with "RelTol" value of 1 × 10 −6 and other parameters default. The rock conditions encountered in tunneling are complicated in terms of rock property. For simplicity but not loss of generality, three types of rock, namely, soft, moderately hard, and hard rock, respectively, are considered in numerical simulation. The average values of the relevant property of the three types of rock are listed in Table 2 . The operational parameters in TBM tunneling include cutterhead rotation speed Ω 0 and advance rate 0 , by which the penetration can be determined. With different operational and rock conditions, the performance of TBM is evaluated with the four indexes introduced in Section 3.
Correlation of TBM Performance and Operational and
Rock Conditions. The correlation of mean vibration energy dissipation rate and operational and rock conditions is shown in Figure 4 , where the penetration changes from 4 to 12 mm/r, and the advance rate varies in the range of 0.4-0.8 mm/s. The values of operational parameters in this regime are frequently used in practical TBM tunneling projects [1, 25] and agree with those collected from on-site measurements shown in next subsection. It can be seen in Figure 4 that increases largely from soft rock to hard rock tunneling, with its value in the range of 900-1400, 1100-2200, and 1700-3500 J/s, respectively, which means TBM vibration becomes much stronger in hard rock tunneling. In soft rock and moderately hard rock tunneling, the variations of with varying penetration and advance rate are very complicated. In the case of hard rock tunneling, however, increases rapidly with the increase of the penetration.
The correlation of DSE and operational and rock conditions is shown in Figure 5 , where maximum DSE is used as an indicator of excavation energy efficiency of TBM. It can be seen in Figure 5 that DSE increases significantly as the rock type changes from soft to hard. DSE in hard rock tunneling reaches several times as that in soft rock tunneling. For the same rock to be cut, DSE decreases and the decreasing rate becomes slow with the increase of the penetration, which is similar in trend to those simulation results presented in [14, 16] . Furthermore, the change of DSE originates from the fact that the difference of advance rate for the same penetration is significant. For the penetration of 8 mm/r in both soft rock and hard rock tunneling, the difference of DSE values at advance rate of 0.4 and 0.8 mm/s is larger than 5%. However, the variation of DSE with different advance rate is very complicated.
The complicated variation of DSE with different advance rate results from the influence of TBM vibration on DSE. The results of DSE in soft rock tunneling for cutterhead rotation speed of 6 rpm and advance rate of 1.2 mm/s are shown in Figure 6 , where the results of SE are also shown for the comparison with DSE. It can be seen in Figure 6 that at strong vibration moments DSE increases significantly with the appearance of multiple peaks on the curve of DSE, leading to the decrease of excavation energy efficiency. When TBM vibrates weakly, DSE decreases to a value close to SE which takes no consideration of the influence of vibration. The slight variation of SE with time is due to variation of excavated rock volume which is influenced by dynamic cutter penetration.
The statistical results, that is, the mean and the standard deviation of percentage increases of maximum DSE and mean DSE relative to SE, are shown in Figure 7 . It is seen that the percentage increase of maximum DSE to SE is nearly 8% and that of mean DSE to SE is about 1.4%. In other words, the ratio of vibration energy dissipation to the energy consumed in rock breakage is approximately 1.4% in the whole TBM tunneling process but can reach as high as 8% at the strongest vibration moment. The fluctuation of the results in hard rock tunneling is larger than those in soft and medium hard rock tunneling, which results from the stronger impact of TBM vibration in hard rock tunneling. It can be concluded that severe vibration in TBM largely deteriorates the excavation energy efficiency. In addition, the fluctuation of maximum DSE shown is larger than that of mean DSE, which means maximum DSE is more effective and sensitive in revealing the variation of DSE with operational and rock conditions. The change of mean cutter wear rate with the operational and rock conditions is shown in Figure 8 , where wear rate is for the cutter mounted on cutterhead panel at a radius of 1 m. As shown in the figure, for the same rock to be cut, cutter wear rate increases with the increase of the penetration, which is in accordance with the results presented in [19] . Furthermore, the increase of cutter wear rate with the change of rock type from soft to hard indicates that the cutter is more vulnerable to wear and the prematurity of cutter failure caused by wear more easily occurring in hard rock tunneling than in soft rock tunneling, which agrees with project practice [1] . With the type of rock and penetration held constant, the cutter wear rate increases with the increase of the advance rate. This is Shock and Vibration because higher advance rate results in larger excavated rock volume in a unit time and consequently increases the amount of cutter wear in a unit time.
The time history of wear rate of this cutter is shown in Figure 9 , where the mean wear rate and the wear rate without considering vibration are also shown. As is illustrated, the cutter wear rate oscillates strongly with time, and its peaks are several times of the wear rate without considering vibration. Comparing with the wear rate without considering vibration, the mean wear rate of the cutter at a radius of 1 m increases by 7.5% in this case. Therefore, affected by vibration, cutters are more vulnerable to wear than without vibration.
The statistical results, that is, the mean and the standard deviation of percentage increases of mean wear rate compared with the wear rate without considering vibration for this cutter, are shown in Figure 10 . It is shown that the percentage increase of mean wear rate of cutter caused by TBM vibration reaches 8%, 10%, and 18% in soft rock, moderately hard rock, and hard rock tunneling, respectively. The fluctuation of the results in hard rock tunneling is larger than those in soft and moderately hard rock tunneling. Also it is revealed that the TBM in high vibration level for hard rock tunneling worsens the working condition of disc cutter and accelerates cutter wear. Therefore, excessive vibration should be avoided as far as possible to protect cutters from wear too fast.
The correlation of load sharing coefficient of the cutterhead driving system and operational and rock conditions is shown in Figure 11 . It can be seen that the correlation of load sharing coefficient and operational parameters, that is, penetration and advance rate, is very complicated. Overall the load sharing coefficient varies between 1.35 and 1.65 when operational parameters change in the regime of advance rate of 0.4-0.8 mm/s and penetration of 4-12 mm/r, and it also slightly decreases with the change of rock type from soft to hard. From (4) it can be seen that with other parameters held constant cutter forces increase when the rock to be cut becomes harder, which leads to a larger driving torque in cutterhead driving system. Therefore, the results of the slight decrease of load sharing coefficient with the change of rock type from soft to hard are in accordance with the conclusion that load sharing seems to get better for higher torque [27] . Although load transmission performance slightly changes with different rock types, higher torque in harder rock tunneling increases the absolute difference between meshing forces loaded on pinions and more easily causes structure damage such as tooth fracture and shaft broken of pinions. vibration measurement system consists of a data acquisition system, a laptop, several 3-directional accelerometers, and connecting wires. The time history of acceleration was then acquired during TBM tunneling. The measuring points in this on-site measurement were distributed on main beam and grippers. Figure 12 shows two measuring points at main beam back tip and right gripper, respectively. A sample frequency of 1000 Hz was adopted in this TBM vibration measurement.
Results of Vibration and DSE from
The water tunnel project where the on-site measurement is carried out is in Northeast, China, and is a part of Liaoning Northwest Water Supply Project. The tunneling section at measurement moment is buried at depth of 200 m and is located in a geological fault zone, where the major constituent of rock mass is granodiorite. Rock mass is not very stable in the developed joint fissures zone, with a wide range of rock blocks falling from tunnel arch and water gushing. According to the project office, the rock mass encountered in the measurement section is classified as soft rock or moderately hard rock.
The results of acceleration response at main beam back tip and right gripper obtained by numerical simulation are compared with those obtained from on-site acceleration measurement. For example, Figure 13 shows the comparison of acceleration responses at main beam back tip indirection, where the parameters cutterhead rotation speed of 6 rpm, advance rate of 1.2 mm/s, and soft rock in simulation are close to those in measurement. The values of acceleration time history between simulation and measurement results are quite close, and the distribution of dominant spectrum peaks in frequency spectrum between simulation and measurement results is similar. The reasonable agreement between simulated acceleration and measured acceleration shows that the developed dynamic model of TBM is reasonably faithful. The correlation of TBM vibration level and operational parameters obtained from this on-site measurement and tunneling data collection is revealed by Figure 14 , where the TBM vibration level is simply evaluated by the RMS of acceleration in -direction measured at main beam back tip. The correlation of DSE and operational parameters obtained is shown in Figure 15 , where the dashed red line denotes the quadratic fitting line of the scattered data shown in Figure 5 (a). Geological conditions of fault zone encountered in this on-site measurement are very complicated and lead to large margin variations of acceleration RMS and DSE as shown in Figures 14 and 15 , respectively. Operational parameters, that is, the penetration and advance rate, also exert significant influence on these results. In tendency, the correlation of vibration level and operational parameters obtained from on-site measurement revealed by Figure 14 is similar to the obtained simulation results in Figure 4(a) , and the correlation of DSE and operational parameters obtained from on-site measurement in Figure 15 the performance evaluation of hard rock TBMs presented in this paper.
Conclusions
From the investigations of TBM performance considering operational and rock conditions, three major concluding remarks can be made as follows.
(1) The values of mean vibration energy dissipation rate , DSE, and cutter wear rate increase significantly when the type of rock to be cut changes from soft to hard with operational parameters held constant. However, the variations of these performance indexes with the change of operational parameters are with different tendency from each other. For the cases of soft rock and moderately hard rock tunneling, the variation of is very complex with changing penetration and advance rate. For the case of hard rock tunneling, generally significantly increases with the increased penetration. DSE decreases with the increase of penetration and varies significantly with the change of advance rate. Cutter wear rate increases significantly with both the increased penetration and advance rate. For the correlation of load sharing coefficient and operational and rock conditions, the overall trend is that changing operational parameters results in a large margin variation of load sharing coefficient and the change of rock type from soft to hard makes the load sharing coefficient decrease slightly.
(2) Due to the TBM's severe vibration, DSE and cutter wear rate oscillate strongly with time. In the regime of advance rate of 0.4-0.8 mm/s and penetration of 4-12 mm/r, statistically the percentage increase of DSE to specific energy (SE) is nearly 8% at the strongest vibration moment, which means vibration significantly deteriorates the excavation energy efficiency of a TBM. The percentage increases of mean wear rate of cutter caused by TBM vibration reaches 8%, 10%, and 18% in soft rock, moderately hard rock, and hard rock tunneling, respectively, which means that TBM vibration worsens the working condition of disc cutter and accelerates cutter wear, especially in hard rock tunneling.
(3) The simulation results are basically consistent with the field measurements. These results could provide the foundation for a more comprehensive evaluation of TBM performance in actual tunneling process.
